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 Climate change can be thought of as: 

 Warming -- resulting from current and future 
anthropogenic activity 

 Warming -- already “committed” to based on 
past anthropogenic activity 

Committed Warming 

Anthropogenic activity is taken as the sum of well-mixed greenhouse gas 
emissions, aerosol emissions, land use, and land cover changes. 
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 Constant-emissions, CO2 
concentrations continue to rise 

 Zero-emissions, letting the 
Earth system attempt to re-
equilibrate 

 Constant-forcing, where atmos. 
CO2 concentrations are remain 
steady 

Types of commitment 

Observed Warming 
Ensemble of MAGICC simulations based on CMIP3 

and C4MIP models  (From IPCC AR5 WGI and  
Hare and Meinshausen 2006) 

*Emissions include aerosols 
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 Committed warming is a reflection 
of the deep, less-ventilated ocean 
experiencing the climate change 
signal, brought about by: 

 Dynamical changes  
(THC, wind-driven gyres) 

 Direct warming 

Committed warming controlled by ocean time scales 

Ideal age distributions from GFDL-ESM2G 
Pre-industrial Control Simulation 

(Krasting et al. 2016) 
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ABSTRACT

A coupled atmosphere–ocean general circulation model (AOGCM) is integrated to a near-equilibrium state
with the normal, half-normal, and twice-normal amounts of carbon dioxide in the atmosphere. Most of the ocean
below the surface layers achieves 70% of the total response almost twice as fast when the changes in radiative
forcing are cooling as compared to the case when they are warming the climate system. In the cooling case,
the time to achieve 70% of the equilibrium response in the midoceanic depths is about 500–1000 yr. In the
warming case, this response time is 1300–1700 yr. In the Pacific Ocean and the bottom half of the Atlantic
Ocean basins, the response is similar to the global response in that the cooling case results in a shorter response
time scale. In the upper half of the Atlantic basin, the cooling response time scales are somewhat longer than
in the warming case due to changes in the oceanic thermohaline circulation. In the oceanic surface mixed layer
and atmosphere, the response time scale is closely coupled. In the Southern Hemisphere, the near-surface response
time is slightly faster in the cooling case. However in the Northern Hemisphere, the near-surface response times
are faster in the warming case by more than 500 yr at times during the integrations. In the Northern Hemisphere,
both the cooling and warming cases have much shorter response time scales than found in the Southern Hemi-
sphere. Oceanic mixing of heat is the key in determining these time scales. It is shown that the model’s simulation
of present-day radiocarbon and chlorofluorocarbon (CFC) distributions compares favorably to the observations
indicating that the quantitative time scales may be realistic.

1. Introduction

When the radiative forcing of the planet changes, var-
ious components of the coupled ocean–atmosphere–land
surface system respond to those changes with differing
time scales. In the physical climate system, the atmo-
sphere–ocean–land surface–sea ice system, typically the
shortest response times are found in the atmosphere.
The atmosphere can come into equilibrium with new
lower boundary conditions on time scales from days to
weeks. The longest response time scales to a change in
radiative forcing in the physical climate system are
found in the deep ocean. These response time scales can
be longer than 1000 yr.

One question that arises is: How long are the response
time scales? A second question is: Does the response
time scale depend on the sign of the change in radiative
forcing? A change in the radiative forcing that heats the
ocean surface makes the ocean more stable, isolating
the deeper waters from the surface. A change of the
radiative forcing, which tends to cool the ocean surface,
makes the ocean more unstable. This promotes mixing
between the surface and deeper waters. Therefore, it is
expected that the response time scale of the physical
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climate system to these two different perturbations may

be very different.
Earlier Manabe et al. (1991) investigated these ques-

tions using model integrations of 100 yr in length,
looking at the transient response of the model to heat-

ing and cooling perturbations. They found that the heat

anomalies penetrate to a much greater depth in the

integration when the ocean surface is cooled, as com-

pared to the case when it is warmed in agreement with

the discussion above. The results presented here show

that those findings also apply over much longer time

scales. Here, these questions are investigated using a

coupled atmosphere–ocean general circulation model

(AOGCM), which is time integrated to a near-equilib-

rium state.

The question of climate response time scale is im-

portant in understanding past climate changes. If the

response time scales are long, the climate will continue

to evolve long after the radiative forcing is changed or

stabilized. This fact complicates the interpretation of the

paleoclimate record. It can be hard to relate an inferred

change in climate to the change in forcing. This question

of time scale of response is also important for future

climate changes in that the climate will continue to

evolve after the greenhouse gas concentration are sta-

bilized (Stouffer and Manabe 1999; Cubasch et al.

2001).

 Ocean cools more rapidly than it warms 

 Dynamical changes important, 
especially in the deep Atlantic 

 Ocean mixing is the primary 
determinant of response time scales 

Time scales of climate response 

WARMING 

COOLING 

Years to reach 70% of equilibrium response 

Additional implications for how coupled models  
are initialized. 
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 “Backspin” method of initializing 
coupled models 
Present-day T&S structure in ocean is the 
integrated result of changes in radiative 
forcing over the past 1,000 years.  Running 
the radiative forcing backwards and holding 
constant for several centuries produces a 
more consistent initial state. 

Applications for model initialization 

 Land carbon stocks also have long time 
scale memory 
Sentman et al. investigated the length of the 
spin up for land use transitions have on the 
carbon fluxes during historical simulations 

Shorter spin-up 

Longer spin-up 
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 Changes in oceanic heat and carbon uptake 
The interplay between heat and carbon uptake on centennial and 
millennial time scales are key to the long term climate response to GHG 
emissions 

 Ocean mixing is determinant of response time scales 
What impact does different ocean mixing have on heat and carbon 

uptake?  

 The role of internal climate variability 
The long time scales of the deep ocean set the oceanic equilibrium time 
scales on the order of thousands of years.  Internal variability is 
important, especially on decadal to centennial time scales. 

 

 

Future opportunities in understanding CW & LTR 
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IPCC AR5 Summary for Policy Makers 

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-36 27 September 2013 

Figure SPM.10 [FIGURE SUBJECT TO FINAL COPYEDIT] 

 
] 

Released September 27, 2013 
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Simplifying Climate-Carbon Cycle Interactions 

CCR = TCRE (Transient Climate Response to 
Cumulative Emissions 
         = Global Avg. Temp. Change 
         = Cumulative Emissions 
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Properties of TCRE 

• Valid for emissions below 2000 GtC 
and on time scales of 20 to 1000 years 
(Matthews et al.) 

• Temperature and carbon emissions 
linearly related since similar oceanic 
process govern both heat and carbon 
uptake (Matthews et al.) 

 
 

1%/year 

Instantaneous 2x CO2 (solid), 4x (dahsed) 
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Uncertainty in Future Carbon Uptake 

Land a net 
carbon source 

by year 2100 in 
some models 

Jones et al. 2013 

CMIP5 Results 

Feedbacks between climate system and carbon cycle are uncertain.  
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Variability and Uncertainty in TCRE vs. Time 

• Variability in TCRE makes the 5 scenarios indistinguishable over the first 100 
years 

• As the signal-to-noise ratio becomes more favorable with time, separation of 
the scenarios is evident 

 

GFDL-ESM2G TCRE ranges 
from 0.77 to 1.04 ºC/TtC 

across the 5 emission rate 
scenarios 

IPCC Range: 0.8 to 2.5 ºC/TtC  
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Response to Zero-emissions After CO2 Doubling 

“Recalcitrant” warming (Held et al. 2010) in the 5 GtC/year scenario – TCRE increases 

After reaching 572 ppm, no additional emissions were applied to the model 
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Oceanic Heat vs. Carbon Uptake 

• On short time scales, and above 2000 
m, Atlantic minus Pacific heat and 
carbon uptake are similar 

• On time scales of the deep Pacific 
(>600 years), heat uptake “catches up” 
to the Atlantic, while carbon uptake 
does not 

• Basin-scale heat uptake differences 
translate into basin differences in sea 
level rise. 
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Oceanic Heat vs. Carbon Uptake 

Krasting et al. 2016 Stouffer and Manabe, 1998 
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Summary 

• GFDL, through Ron’s pioneering work, has been a world leader in 
understanding the long-term response to anthropogenic climate forcing 

• Important for understanding committed warming 

• Implications for model development & initialization 

• Heat and carbon uptake are primary drivers of the long-term response 

• ESMs allow coupled exploration of heat and carbon uptake 

• Exploring the limits of TCRE 

• Rate of emissions/warming linked to the ocean dynamical response 

• Exploring other long time scale processes is important 

• Natural variability of vegetation dynamics & soil carbon 

• Fate of the natural carbon sinks 
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Questions? 
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Simplifying Uncertainties in  
Climate-Carbon Cycle Interactions 

Allen et al. (2009) demonstrate 
peak climate warming 
proportional to cumulative carbon 
emissions. 
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Uncertainty in Future Carbon Uptake 

Land a net 
carbon source 

by year 2100 in 
some models 

Jones et al. 2013 

CMIP5 Results 

Feedbacks between climate system and carbon cycle are uncertain.  
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Human Perturbation to the Carbon Cycle 

IPCC AR4WG1 Figure 7.3. The global carbon cycle for the 1990s, showing the main annual fluxes in GtC yr–1: pre-industrial ‘natural’ fluxes 
in black and ‘anthropogenic’ fluxes in red (modified from Sarmiento and Gruber, 2006, with changes in pool sizes from Sabine et al., 2004) 

1 ppm CO2 =  2.1 Pg C = 2.1 Gt C 
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Past and Future Carbon Emissions 

NATURE GEOSCIENCE | VOL 2 | DECEMBER 2009 | www.nature.com/naturegeoscience 833
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subject to very large year-to-year variability (Fig. 2a). is ‘air-
borne fraction’ increased on average by 0.3±0.2% yr−1 between 
1959 and 2008. ere is a 90% probability that this increasing 
trend is signi cant taking into account the background variability 
(Methods). e trend and its signi cance are sensitive to estimates 
of LUC emissions, which have large uncertainties. We quanti ed 
the impact of LUC uncertainty on the airborne-fraction trend 
using a range of LUC estimates (Supplementary Information). For 
all nine published LUC estimates considered, the trend in the air-
borne fraction was positive with a signi cance level at or above 
90%. We conclude that a positive trend in the airborne fraction 
is ‘likely’ (66% con dence interval), according to the terminology 
developed by the IPCC18.

A positive trend in the airborne fraction could be explained by 
several factors. First, the atmospheric CO2 concentration could be 
increasing on a timescale shorter than those regulating the rate 
of uptake of carbon sinks. Second, both the land and ocean CO2 
sinks are expected to decrease in e ciency at high ambient CO2 
concentration because of the limits of CO2 fertilization on land 
and the decrease in carbonate concentration, which bu ers CO2 
in the ocean19. ird, the land and/or ocean CO2 sink could be 
responding to climate variability and change. Finally, sink proc-
esses not considered in current models may be contributing to the 
observed changes19.

Combined evidence from atmosphere and ocean observations 
constrains the mean uptake rates of land and ocean CO2 sinks to 
2.6±0.7 and 2.2±0.4 Pg C yr−1 for 1990–2000, respectively11,19–22. We 
estimated the year-to-year variability and trends in the land and 
ocean CO2 sinks using a series of global models that represent the 
complex processes governing the carbon cycle in these two pools 
(Methods). e models were forced by observed changes in global 
atmospheric CO2 concentration and by variable climate elds.

For 2008, the models estimated that the uptake rates for land and 
ocean CO2 sinks were 4.7±1.2 and 2.3±0.4 Pg C yr−1, respectively. 

e land CO2 sink was larger (in terms of uptake rate) and the ocean 
CO2 sink was smaller in 2008, relative to the previous three years 
(Fig. 2), because the El Niño/Southern Oscillation (ENSO) was in 
a positive (La Niña) state in 2008. During La Niña conditions, the 
land CO2 sink is enhanced owing to lower temperatures and wetter 
conditions in the tropics, whereas the ocean CO2 sink is reduced 
owing to more intense equatorial upwelling of carbon-rich waters. 
Observations in the equatorial Paci c Ocean corroborate the 
lower ocean CO2 sink in 2008 (ref. 23) estimated by the models. 

e ocean models also attributed the low ocean CO2 sink in 2008 
in part to a weaker Southern Ocean sink, in response to the con-
tinuing increase in the southern annular mode24,25. e model 
results over 1980–2006 were broadly consistent with the results 
from atmospheric inverse models, which estimate the regional 
distribution of air–surface CO2 uxes using the spatiotemporal 
variability in atmospheric CO2 concentration measurements26,27 
(Supplementary Information).

e land biosphere models showed an increasing global land 
CO2 sink between 1959 and 2008 (Fig. 2c), with large year-to-
year variability. e variability was primarily driven by variability 
in precipitation, surface temperature and radiation28–30. During 
1959–2008, the fraction of the total CO2 emissions that was absorbed 
by the land had no signi cant global trend. e ocean models 
showed an increasing global ocean CO2 sink between 1959 and 2008 
(Fig. 2d), with small year-to-year variability compared with the land 
sink. e modelled CO2 sink increased at a lower rate than the emis-
sions, and the fraction of the total CO2 emissions that was absorbed 
by the oceans decreased by 0.60±0.15% yr−1 (Supplementary Table 1) 
as a result. e long-term decrease in the fraction of the emissions 
taken up by the oceans cannot be veri ed from ocean observa-
tions alone because of the lack of global data coverage31. However, 
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• Rate of historical carbon emissions is 
increasing 

• Emissions may increase 4-fold by year 
2100 … or decrease 
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Land CO2 Fertilization 

• Land use a large source of carbon 
during the historical period 

• Model representation of land use, 
vegetation and CO2 fertilization is 
important 

• Enhanced land uptake limited 
historical CO2 growth by ~85 ppm 
and warming by ~0.3 ºC 
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Removal 

Tracers of Phytoplankton with Allometric Zooplankton (TOPAZ) 

Small phyto. 

Large phyto. 

Protist 
Filter 
feeder 

semilabile 
semirefract. 
DOM 

Detritus New 
nutrients 

Recycled 
nutrients 

N2-fixer 

DOM cycling 

Particle sinking 

Gas exchange 

Atm. Deposition 

River Input 

Sediment Input 

Scavenging 

Carbon Oxygen Phosphorus 

CaCO3 

Nitrogen Iron Alkalinity Lithogenic Silicon 

Biogeochemistry Phytoplankton ecology 

Implicit grazing dynamics 
Flexible N:P:Si:Fe:Chl 
Aragonite and Calcite 

Heterotrophs 

30 Tracers 
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 Climate-Carbon Feedback Example 

• Many other feedbacks to consider on land and in 
the ocean 

30 

Atmospheric pCO2 
Increases 

Ocean Temperature 
Increases 

Ocean carbon uptake 
causes acidification 

Solubility of CO2 in 
Seawater Decreases 
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GFDL’s ESMs Incorporate a  
New Land Model - LM3 

• 5 vegetation types: warm grasses, 
cold grasses, tropical, deciduous, 
coniferous 

• 5 vegetation C pools: leaves, 
sapwood, wood, fine roots, 
virtual leaves 

• 2 soil C pools: fast, slow 

• 4 land-use types: Primary, Crop, 
Pasture, Secondary Forest 

• Up to 15 tiles of different forest 
ages per grid-cell 

• Natural mortality and annual fire 

 

New hydrology and river 
routing scheme 
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Experimental Design 

Prescribed CO2 Concentration 

Atmosphere 

Carbon emissions diagnosed from fluxes 

Land Ocean 

Predicted CO2 Concentration 

Atmosphere 

Carbon emissions given to the model 

Land Ocean 

Emission 
Source 

Classical  
Experimental 

Design 

ESM 
Experimental 

Design 



Geophysical Fluid Dynamics Laboratory 

Land/Ocean Carbon Storage 

• Land and ocean carbon uptake is non-linear with respect to time and CO2 
concentration 

• Slower emission rates allow the land and ocean to take up more carbon at 
the time of CO2 doubling 

 

 

Dots represent the time of CO2 doubling (572 ppm) 
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Temperature vs. Cumulative Emissions 

To a first order, temperature 
and cumulative emissions are 

linearly related. 

TCRE is robust in GFDL-ESM2G 
when forced with emissions. 

Clear separation among the 5 different emission rates.  Lower 
emission rates produce less warming per emitted carbon as 

compared to the higher emission rates. 
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Scenarios compared with 1%/year Exps. 

• The 1%/year prescribed concentration scenarios compare with the 20 and 25 
PgC/yr scenarios.  (Higher than present-day emissions and at the upper range 
of future scenarios) 

• Slower emission rates  ocean takes up more carbon than land 

• Higher emission rates  land takes up more carbon than ocean. 
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•There is ~20% difference in TCRE between 
the highest and lowest emissions scenario 
for GFDL-ESM2G 

•This represents 1/3 of the spread across 
the C4MIP models and ~1/8 of the spread 
across CMIP5 models 

Scenario Dependence in Context 

•Scenario dependence matters when considering emissions that are either 
substantially higher or lower than present day emissions 

•Largest source of uncertainty in TCRE from model differences. 

•GFDL-ESM2G TCR (1.3 K) is low compared to CMIP3 mean (1.8 K) 

Gillett et al. 2013 
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1. Radiative forcing in the atmosphere  
 
 

2. Efficacy of oceanic heat uptake 

3. Land carbon uptake saturates at ~800 GtC  

4. Ocean carbon uptake accelerates slightly with time 

 

Four non-linear aspects of TCRE 

Myhre et al. 1995 
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•TCRE, in its elegance and simplicity, has gained popularity in 
climate and policy communities. 

•TCRE used in discussions of the 2009 Copenhagen Accord 
(limiting global temp. rise to 2ºC) 

•TCRE not valid in all emission scenarios (i.e. extremely high or 
low emission rates, zero-emissions) 

•Time scales of emissions are important.  How do they 
correspond public policy time scales? 

Application of TCRE to Climate Policy 
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•Temperature and cumulative emissions are proportional in GFDL-ESM2G 
when forced with varying emission rates  

•Emission pathways matter, but larger challenge is constraining model 
physics. 

•Lower emission rates produce less warming per unit of emitted carbon. 

•Idealized linear emission scenarios a potential alternative to classical 
1%/year experiments 

•Mechanisms of TCRE are more complex than oceanic heat and carbon uptake 
alone 

Summary 
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5th Coupled Model Intercomparison Project (CMIP5) 

40 

Radiative Forcing  Concentration  Pathway  RCP Model  Reference  

RCP8.5  >8.5 W m-2 in 2100  
>1370 CO2-eq in 

2100  
Rising  MESSAGE  

Rao and Riahi 
(2006), Riahi et al. 

(2007) 

RCP6.0  ~6 W m-2 in 2100  
~850 CO2-eq 

(stabilization after 
2100)  

Stabilization 
without overshoot  

AIM  
Fujino et al. (2006), 
Hijioka et al. (2008) 

RCP4.5  ~4.5 W m-2 in 2100  
~650 CO2-eq 

(stabilization after 
2100)  

Stabilization 
without overshoot  

MiniCAM  
Smith and Wigley 

(2006), Clarke et al. 
(2007) 

RCP2.6  
Peak at ~3 W m-2 before 
2100 and then decline  

~490 CO2-eq before 
2100 and then 

decline  
Peak and decline  IMAGE  

van Vuuren et al. 
(2006, 2007) 

Previous Special Report on Emission Scenarios (SRES): 6 Families and 40 Scenarios 

Present Representative Concentration Pathways (RCP): Reduces to 4 main scenarios 
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Emissions thus far outstrip projections 

41 

Peters et al., 2012: The 
challenge to keep global 
warming below 2C. Nat. 
Clim. Change, 3, 4-6. 


